Although the anti-cancer effects of aspirin were first identified in pre-clinical models four decades ago, a clear role for the drug in either the prevention or treatment of cancer has not been established. Concerns about toxicity, particularly major haemorrhage, and a lack of randomised evidence demonstrating efficacy have limited its use in primary prevention; there was also doubt that a simple aspirin could have a significant therapeutic effect against established malignancy. Three new pieces of evidence: a series of meta-analyses focusing on cancer outcomes from randomised-controlled trials designed to assess the vascular benefits of daily aspirin; the first positive results from a randomised-controlled trial designed to demonstrate that aspirin can prevent cancer in those with a hereditary predisposition; and observational data showing that aspirin use after a cancer diagnosis improves both cancer mortality and overall survival; have led to a re-evaluation of aspirin as a potential anti-cancer agent both for the prevention and treatment of cancer.
Introduction
Aspirin (acetylsalicylic acid) is used as an analgesic/anti-inflammatory and in the prevention of cardiovascular disease. The observation, over four decades ago, that agents which induce thrombocytopenia reduce metastases [1] led to the investigation of aspirin as an anticancer drug, with metastases from fibrosarcomas in animal models significantly reduced by aspirin [2] . In 1988, the first clinical study was published showing that regular aspirin use was associated with a significantly lower risk of developing colorectal cancer [3] . Subsequently, however, two large randomised placebo-controlled trials assessing alternate day aspirin as a primary prevention strategy, after a mean follow-up of ten years, reported no significant difference in cancer incidence or mortality [4, 5] and focus shifted away from aspirin to the related but newer selective cyclo-oxygenase (Cox)-2 inhibitors as potential anti-cancer agents. In 2005, concerns about previously unrecognised cardiac effects led to the withdrawal of some selective Cox-2 inhibitors and early closure of ongoing trials [6] [7] [8] . This review is aimed primarily at oncologists; it focuses on clinical research published over the last five years that has led to a re-evaluation of aspirin as a potential anti-cancer agent. Resulting insights into the biological mechanisms underlying the anti-cancer effects of aspirin and opportunities for employing aspirin in the field of oncology are discussed.
Aspirin and cancer: recently published evidence
Over the last five years, Rothwell and colleagues have published a series of systematic reviews and individual patient data meta-analyses evaluating cancer outcomes from randomised-controlled trials designed to assess the vascular benefits of daily aspirin. The initial report [9] reviewed two large trials (n = 7588) that recruited patients in the United Kingdom between 1978 and 1985 assessing aspirin within a dose range of 300-1200 mg daily. Median follow-up was 23 years with cancer outcomes available from the United Kingdom National Cancer Registry. In this particular trial, participants who admitted to being non-compliant with allocated treatment were excluded. Aspirin use resulted in a significant reduction in colorectal cancer incidence; this was dependent on duration of treatment, compliance and length of follow-up, with the greatest effect seen 10-14 years after randomisation in those receiving scheduled treatment for five years or more (Hazard ratio (HR) 0.26 95% confidence interval (CI) 0.12-0.56 P = 0.0002). No significant effect on the incidence of other cancers was noted in this study. Table 1 : Recent evidence confirming the anti-cancer effects of aspirin. Cancer deaths from a meta-analysis of 51 randomised trials designed primarily to assess vascular outcomes where participants were assigned to daily aspirin versus no aspirin or other anti-platelet agent (n = 77,000) [12] . The outcome was not affected by aspirin dose or whether aspirin was administered for primary or secondary vascular prevention.
Follow up (years)
Aspirin -cancer deaths Subsequent analyses, including six further trials (n = 25,570) with a mean duration of aspirin therapy of four years or more [10, 11] , demonstrated that the protective effects of aspirin were also seen at lower doses (75-300 mg) and across tumour types, particularly those arising from the gastrointestinal tract. For example, the 20-year risk of cancer death from gastrointestinal cancer was reduced with a HR www.ecancer.org ecancer 2013, 7:297 of 0.65 (95% CI 0.54-0.78) P < 0.0001 for those allocated to aspirin compared to non-users. The most recent data [12] have included 51 trials (77,000 participants) randomly assigned to daily aspirin versus no aspirin or other anti-platelet agent. Aspirin reduced the incidence of cancer, with most benefit seen when the scheduled duration of trial treatment was five years or more (HR 0.81 (95% CI 0.70-0.93) P = 0.003), and resulted in a relative reduction in cancer deaths of about 15% (Table 1) . Stratification by time to death identified positive effects on cancer mortality as early as three years from randomisation, particularly in trials employing high-dose aspirin (>300 mg daily). This early effect raised the possibility that aspirin could be inhibiting the growth and development of metastases from previously unrecognised cancers, and this was supported by subsequent data showing that allocation to aspirin reduced the risk of metastases at diagnosis (HR 0.69 (95% CI 0.50-0.95) P = 0.02) and the subsequent risk of developing metastases (HR 0.45 (95% CI 0.28-0.72) P = 0.0009) [13] . These latter findings, in particular, provide compelling evidence for the use of aspirin as an adjuvant agent in the treatment of cancer.
The results of these meta-analyses have been reinforced by long-term data from the randomised CAPP2 trial [14] . In this study, 861 participants with Lynch syndrome (hereditary non-polyposis colon cancer), who carry a germline mutation in DNA mismatch repair enzymes resulting in a predisposition to developing colorectal and other cancers, were assigned to aspirin (600 mg daily) or a placebo. After a mean duration of treatment of 25 months and follow-up of 55 months, the time to first colorectal cancer was significantly reduced for those taking aspirin (HR 0.63 (95% CI 0.35-1.13) P = 0.12), with an incidence rate ratio (IRR) of 0·56 (95% CI 0.32-0.99) P = 0.05. The results were more marked for those who completed at least two years of treatment, and there was also evidence of a reduced incidence of other tumours associated with Lynch syndrome, including endometrial, ovarian, pancreatic, brain, small bowel, gall bladder, ureter, stomach and kidney cancer ( Figure 1 ). Aspirin is now considered a standard of care for this group, and a subsequent study is planned to assess whether lower doses of aspirin will be equally effective. Adding to this evidence is accumulating non-randomised data on aspirin use after a cancer diagnosis ( [16] . The beneficial effects on colorectal cancer mortality have also been confirmed in contemporary cohorts receiving low-dose aspirin (75-80 mg daily). For example, a large Dutch population-based study has shown a reduction in overall mortality associated with aspirin use following a colon cancer diagnosis (adjusted RR 0.65 (95% CI 0.50-0.84) P = 0.001) [17] , and similar results have been observed in an audit of colorectal cancer patients in the United Kingdom with an adjusted HR of 0.67 (95% CI 0.57-0.79) P < 0.001 for all cause mortality [18] . Strengths of these latter studies include encashed prescribing, rather than patient recall to determine aspirin usage and more precise information about dose. In prostate cancer, aspirin use after radical treatment (either surgery or radiotherapy) has been shown to decrease biochemical failure and prostate-cancer-specific mortality. In a retrospective multivariate analysis of 2051 men who had undergone radical radiotherapy for carcinoma of the prostate, aspirin non-use was associated with early biochemical failure (odds ratio (OR) 2.05 (95% CI 1.33-3.17) P = 0.0012) [19] , and recent data from the CAPSURE registry on approximately 6000 men who had undergone either radical surgery or radiotherapy shows that anticoagulant use (mainly aspirin) reduced the risk of prostate cancer mortality from 8% in the control group to 3% in those receiving anticoagulants P < 0.01. The risks of disease recurrence and bone metastasis were also significantly lower, and the reduction in prostatecancer-specific mortality was most marked in those with a high risk of disease recurrence (19% versus 4% at ten years P < 0.01) [20] . In gastro-oesophageal cancer, early data from a Chinese study suggests that taking aspirin after an oesophagectomy for either squamous cell carcinoma or adenocarcinoma is associated with improved outcomes, with five-year survival rates of 51.2% for those who received aspirin (n = 445) compared to placebo 41% (n = 658) or no tablet 42.3% (n = 495) P = 0.04 [21] . www.ecancer.org ecancer 2013, 7:297
Overview of other evidence
The data described above all support the use of aspirin as an anti-cancer agent, but the results of previous studies have been less consistent-in particular, data published to date from the Physicians Health Study, a large randomised placebo-controlled 2 × 2 factorial trial evaluating aspirin (325 mg on alternative days) for cardiovascular protection and beta carotene as a primary prevention agent against colorectal cancer that recruited over 22,0000 male physicians (40-84 years of age) between 1982 and 1988. The aspirin component of the study was terminated early, after a mean follow-up of five years, because of a statistically significant reduction in first myocardial infarction (RR 0.56 (95% CI 0.45-0.70) P < 0.00001); participants were unblinded and allowed to self select aspirin use. Even with long-term follow-up (>12 years), no effect on colorectal cancer incidence (RR 1.03 (95% CI 0.83-1.28)) was found in those randomly assigned to aspirin [4] . A similar result was initially reported in the Women's Health Study, where approximately 40,000 women over the age of 45 in the United States without a history of cancer, cardiovascular disease, or other major chronic illness were randomised to placebo or aspirin (100 mg) on alternate days. After a mean follow-up of ten years, no effect of aspirin was observed on total cancer incidence (RR 1.01 (95% CI 0.94-1.08) P = 0.87) nor any specific cancer incidence, with the exception of lung cancer, where a trend towards reduction of risk (RR 0.78 (95% CI 0.59-1.03) P = 0.08) was observed; there was also no reduction in cancer mortality (RR 0.95 (95% CI 0.81-1.11) [5] . This led the United States preventative services task force in 2007 to recommend that aspirin and other non-steroidal anti-inflammatory drugs (NSAID) were not prescribed to individuals at average risk of developing colorectal cancer as a primary prevention strategy [22] . However, it has been recently reported that during a seven-year extension of the Women's Health Study that the incidence of colorectal cancer was 18% lower in the group receiving aspirin, with the effect only emerging after ten years [23] .The difficulties in remembering to self-administer an alternate day therapy, particularly in the primary prevention setting, may have led to poorer compliance in these studies and may partly explain the differences in outcomes compared to the more recent data from the vascular studies assessing daily aspirin use.
Further supporting evidence for the use of aspirin as an anti-cancer drug include 194 cohort and case-control studies, recently reviewed by Bosetti [24] , showing consistent and significant reductions in cancer incidence across a number of common solid tumours including colorectal, breast, gastro-oesophageal (both adenocarcinomas and squamous cell), lung and prostate cancer in those that regularly use aspirin (see Table 3 ). In addition, a meta-analysis of secondary prevention studies in those with previous colorectal cancer or adenoma estimates that aspirin reduces the RR of further adenomas by 18% (RR 0.82 (95% CI: 0.74-0.91) P = 0.0002) [25] . There are also three small randomised studies, reviewed previously [26] , that added aspirin to standard chemotherapy regimens in the advanced setting in the late 1980s that appear to show no effect on cancer outcomes. However, the magnitude of difference the studies were designed to detect was ambitious and as such should not lead to the definitive conclusion that aspirin is ineffective in the advanced setting, though demonstrating efficacy in this setting with a drug whose anti-cancer effects may well be at the earliest stage of both primary tumour and metastases formation will be challenging.
Mechanism of action
The recent data have renewed interest in the potential mechanisms of action underlying the anti-cancer effects of aspirin. Aspirin inhibits the enzyme Cox, and many of the downstream mediators of this pathway are thought to be involved in the development and spread of malignancy [27] . However, aspirin has a short half-life (approximately 20 min), and although it irreversibly inactivates Cox-1 and Cox-2 through selective acetylation, nucleated cells can resynthesise Cox isozymes within a few hours. Thus, a single daily dose of aspirin (75-100 mg), as used in the contemporary vascular studies analysed by Rothwell [10] [11] [12] and the more recent observational cohort studies [18, 17] , is unlikely to have a direct effect on Cox pathways in systemic tissues. To achieve consistent inhibition of Cox in tissues, an analgesic dose of aspirin, e.g., a divided daily dose of >2000 mg of aspirin, would be required [28] .
A once daily dose of aspirin (75-100 mg) is considered to have negligible direct biological effects apart from on the anucleate platelet through inhibition of Cox-1. Platelets are thought to effect the development and spread of metastases by facilitating the adhesion of cancer cells to circulating leukocytes and endothelial cells and permitting adhesion to the endothelium and transmigration [29] .They are also thought to protect circulating cancer cells from immune-mediated clearance by natural killer cells [30] . Recent evidence also suggests that www.ecancer.org platelets may play a more active role in promoting metastatic spread outside of the primary tumour's microenvironment by active signalling to tumour cells through the TGF-B and NF-Kb pathways resulting in a pro-metastatic phenotype that facilitates tumour cell extravasation and metastasis formation [31] , and aspirin is known to inhibit the activation of NF-Kb [32] .
There is also a significant body of evidence indicating that selective Cox-2 inhibitors could also be useful anti-cancer agents, and they have been shown to prevent adenoma formation in randomised trials [33] . The rationale for evaluating selective Cox-2 inhibitors as anti-cancer agents came from two strands; first epidemiological and in vitro studies had shown that aspirin and other NSAID agents had anti-cancer effects [34] , and it was presumed that, given that both aspirin and NSAIDs inhibit Cox, this was the significant and predominant mechanism of action underlying the anti-cancer effects; second, increased Cox-2 expression was demonstrated in a number of different tumour types and associated with poor prognosis [35] with mechanistic hypotheses linking Cox-2 inhibition to apoptotic and anti-angiogenic pathways, which are thought to be key to the prevention and treatment of cancer [36] . Patrono has suggested that inhibition of Cox-1 in platelets by low-dose aspirin suppresses the induction of Cox-2 in distant nucleated cells within the tumour or stromal environment in the early stages of neoplasia [28] . At sites of intestinal mucosal injury, platelets trigger downstream signalling events leading to reduced apoptosis, enhanced cellular proliferation and angiogenesis, which can be indirectly inhibited by aspirin. This would explain the observations that both daily low-dose aspirin and selective Cox-2 inhibitors appear to be effective anticancer drugs and is supported by studies showing that inhibition of either Cox-1 or Cox-2 is sufficient to inhibit tumourigenesis in mouse models [37] , and from experiments with mice modified genetically to be deficient in either Cox-1 or Cox-2. Despite Cox-1 being considered a "housekeeping" enzyme constitutively expressed in most tissues, mice deficient in Cox-1, with prostaglandin levels reduced by 99% in most tissues, have normal pathology in both the kidney and stomach, and do not develop gastric ulcers. In contrast, Cox-2 deficient mice have reduced life spans, with 40% dying before weaning from unknown causes [38] . Of particular relevance is how these mice have been used to study the role of Cox in malignant transformation. Mice with a chemically induced mutation in the Apc gene, which results in 100% of the mice having intestinal neoplasia, were also made Cox-1 or Cox-2 deficient. Both Cox-1/Apc and Cox-2/Apc deficient mice showed an 80% decrease in intestinal polyps indicating that inhibition of either Cox-1 or Cox-2 could be an effective anti-cancer strategy [39] .
The recent observation [40] that the improvements in cancer and overall mortality seen in two large prospective cohorts associated with aspirin use after a diagnosis of colorectal cancer correlate with the presence of mutated PIK3CA within the tumour provides further insights into the possible anti-cancer mechanisms of aspirin, as well as raising the possibility that molecular profiling may be able to select patients most likely to respond to aspirin. Although some caution is required when interpreting these data as they were non-randomised and the number of patients with mutated PIK3CA who regularly used aspirin was small (n = 66), the results are striking, with a multivariate HR for cancer death of 0.18 (95% CI 0.06-0.61) P < 0.001 and 0.54 (95% CI 0.31-0.94) P = 0.01 for death from any cause for those that regularly took aspirin after a diagnosis of colorectal cancer. Given the relatively low frequency of PIK3CA mutations (10-20%) in colorectal cancer, it is unlikely that an effect on the mutated PIK3CA tumours alone could explain the large effects of aspirin on colorectal cancer incidence and mortality observed in the randomised vascular trials [10] .
From a clinical perspective, as the initial mechanism of action of daily low-dose aspirin (primarily on platelets) and that of selective Cox-2 inhibitors is different, results from studies evaluating the anti-cancer effects of these drugs cannot be assumed to be identical. In addition, the evidence suggests that aspirin (and possibly selective Cox-2 inhibitors) are most likely to be effective anti-cancer agents when the tumour burden is low, i.e., in the primary prevention or adjuvant setting. Thus, results from randomised trials assessing selective Cox-2 inhibitors in more advanced disease, such as the STAMPEDE trial [41] or ongoing studies evaluating selective Cox-2 inhibitors in the adjuvant setting, e.g., the REACT trial (ISRCTN48254013) in breast cancer, should not prevent the development of randomised studies evaluating aspirin particularly in the adjuvant setting. 
Toxicity
The use of aspirin in the prevention and treatment of cancer to date has been limited by concerns about toxicity, particularly, serious haemorrhage. Data available from the Antithrombotic Trialists' (ATT) Collaboration [42] in a meta-analysis of six primary prevention studies (n = 95,456, demographics: mean age 56 years, 46% men, mean cholesterol 5.6 mmol/L, 41% hypertensive, 4% diabetic and 16% current smokers) found allocation to aspirin increased the incidence of gastrointestinal haemorrhage or other serious extracranial bleed from 0.07% to 0.1% per year, HR 1.54 (95% CI 1.30-1.82) P < 0.0001. The increased risk was mainly non-fatal bleeds, and there were fewer fatal bleeds in participants allocated aspirin compared to the controls. Although this may have occurred by chance, a similar pattern was seen in the recent meta-analyses performed by Rothwell. Allocation to aspirin increased major extracranial haemorrhage in the first three years, OR 1.95 (95% CI 1.47-2.59) P < 0.0001, but from three years onward the OR decreased to 1.04 (95% CI 0.73-1.49) P = 0.90 with the proportion of bleeds that were fatal being lower on aspirin than control, (15/132 placebo vs. 8/203 aspirin) OR 0.32 (95% CI 0.12-0.83) P = 0.009, and this difference remained when the analysis was restricted to individuals who were still on allocated trial treatment at the time of the bleed [12] . Until recently, policy makers evaluating the use of aspirin have primarily considered vascular benefits versus concerns about serious haemorrhage; however, even a modest effect of aspirin on cancer outcomes, e.g. a 10% reduction in overall cancer incidence will alter the risk/benefit ratio and broaden the population most likely to benefit from aspirin [28] .
Conclusion
In summary, data from randomised clinical studies have shown that aspirin prevents the development of malignancy, and it also appears to decrease the development and spread of metastases. There may be at least two separate mechanisms underlying these effects: first, an anti-platelet effect that is predominantly responsible for the effect on the dissemination of blood-born metastases; and second, an effect on Cox-2 pathways (potentially mediated through platelets again) that affects the primary development of the tumour and possibly the early growth of metastases. These hypotheses need to be tested in randomised trials, and they have implications not only for the design of studies evaluating aspirin but also for those evaluating selective Cox-2 inhibitors and other anti-platelet drugs that may have similar mechanisms of action to aspirin. www.ecancer.org ecancer 2013, 7:297
